Nitric oxide (NO) regulates biological processes through signaling mechanisms that exploit its unique biochemical properties as a free radical. For the last several decades, the key aspects of the chemical properties of NO relevant to biological systems have been defined, but it has been a challenge to assign these to specific cellular processes. Nevertheless, it is now clear that the high affinity of NO for transition metal centers, particularly iron, and the rapid reaction of NO with oxygen-derived free radicals can explain many of its biological and pathological properties. Emerging studies also highlight a growing importance of the secondary metabolites of NO-dependent reactions in the post-translational modification of key metabolic and signaling proteins. In this minireview, we emphasize the current understanding of the biochemistry of NO and place it in a biological context. Nitric oxide (NO; nitrogen monoxide) and related nitrogen oxides are now known to be critical endogenous regulators of cell and tissue function (1, 2). From the earliest isolation of NO, there has been an intense interest in linking the chemistry of NO to its biological effects, beginning with the neardeath experience of the famous physiologist Sir Humphrey Davy after inhaling NO (3). Pharmacological preparations in which NO was the active agent have been used for over 1000 years, although this fact was not appreciated at the time (4). It is even more remarkable that the person commonly credited with the co-discovery of NO, Joseph Priestley, also discovered oxygen. The beneficial and toxic effects of both of these gases and their intermolecular interactions were then a major topic of interest and remain so more than 300 years later.
Nitric oxide (NO) regulates biological processes through signaling mechanisms that exploit its unique biochemical properties as a free radical. For the last several decades, the key aspects of the chemical properties of NO relevant to biological systems have been defined, but it has been a challenge to assign these to specific cellular processes. Nevertheless, it is now clear that the high affinity of NO for transition metal centers, particularly iron, and the rapid reaction of NO with oxygen-derived free radicals can explain many of its biological and pathological properties. Emerging studies also highlight a growing importance of the secondary metabolites of NO-dependent reactions in the post-translational modification of key metabolic and signaling proteins. In this minireview, we emphasize the current understanding of the biochemistry of NO and place it in a biological context. Nitric oxide (NO; nitrogen monoxide) and related nitrogen oxides are now known to be critical endogenous regulators of cell and tissue function (1, 2) . From the earliest isolation of NO, there has been an intense interest in linking the chemistry of NO to its biological effects, beginning with the neardeath experience of the famous physiologist Sir Humphrey Davy after inhaling NO (3) . Pharmacological preparations in which NO was the active agent have been used for over 1000 years, although this fact was not appreciated at the time (4) . It is even more remarkable that the person commonly credited with the co-discovery of NO, Joseph Priestley, also discovered oxygen. The beneficial and toxic effects of both of these gases and their intermolecular interactions were then a major topic of interest and remain so more than 300 years later.
The biological role of NO was resurrected from the category of a historical side note when its central contributions to fundamental biological processes were identified. In particular, the discovery of NO as a signaling molecule in the cardiovascular system was recognized with the Nobel Prize in Physiology and Medicine in 1998 (4) . The notion that such a structurally simple free radical can have a role as a second messenger/effector molecule has resulted in a major paradigm shift in the field of cell signaling and stimulated the now maturing field of redox biology. The purpose of this minireview is to summarize how NO is formed, its relevant chemistry, and how this underpins its biological effects.
Any newcomer to the NO field is confronted with a bewildering nomenclature that uses very similar sounding names to describe very distinct molecules, e.g. nitrous oxide (laughing gas) and nitric oxide (sometimes called crying gas by those working on it!). As an aid to the reader, we provide Table 1 , in which we list the nitrogen oxides relevant to biological processes with some key biochemical information (2, (5) (6) (7) . In addition, we provide in Table 1 the most common adducts that are formed from some of the more reactive nitrogen oxide species. In general, the proper chemical terminology to designate the formation of these adducts is based on the functional group, e.g. nitrosation involves formation of the nitroso group (R-NO), nitration involves the nitro group (R-NO 2 ), and nitrosylation involves the nitrosyl group. Unlike the nitroso and nitro groups, the nitrosyl group is formally an NO radical and is not a covalent functional group; rather, it forms a coordinate complex with a transition metal (2) .
A PubMed search based on the keyword "nitric oxide" returns over 99,000 references, and thus, a comprehensive review is clearly not feasible or within the attention span of the authors! For this reason, we have selected predominantly review articles as citations as a guide to the reader for more detailed information regarding key points. As a framework for this article, we have posed a series of major research questions for the mechanisms of NO action, which we then address with particular emphasis on the biochemistry of NO.
What Are the Key Chemical Properties of NO Relevant to Biology?
NO is a free radical and can stabilize its unpaired electron by two mechanisms: reaction with species containing other unpaired electrons (thus pairing up the two lone electrons) and interaction with the d-orbitals of transition metals, particularly iron. Although there are multiple subsequent species generated from these two reactions that result in a panoply of biological effects, the biological reactivity of NO itself is quite limited. In its reaction with iron, NO forms stable high affinity bonds with heme and NHI 2 (8) . The high affinity and rapid binding to ferrous heme are important biologically for the activation of sGC to generate the second messenger cGMP and the regulation of mitochondrial respiration at CcOx (9 -16) . NO binding to NHI can also result in significant biological effects, including disruption of iron-sulfur centers and also binding to the so-called chelatable iron pool of cells (17) . NO is uncharged and highly soluble in hydrophobic environments. This property may allow free diffusion across biological membranes and the potential to signal many cell diameters distant from its site of generation (18, 19) .
A common misconception is that all free radicals are, by definition, unstable and highly reactive, but this is not the case. To place this in perspective, NO is chemically stable and much less reactive with non-radical species than the hydroxyl radical but more reactive than lipid peroxyl radicals. Biologically, this means that the fate of NO is dramatically changed in the presence of other free radicals such as superoxide (O 2 . ) (2, 20 -22) .
Once it has reacted with O 2 . , it forms peroxynitrite and no longer participates in those signaling actions, which require binding to ferrous heme (23) . The rate constant for the reaction of NO and O 2 . has been reported to be as high as 1.9 ϫ 10 10 M Ϫ1 s Ϫ1 , nearing the diffusion limit for reactions (24) . It is important to note that when a reaction is "diffusion-limited," it means that the rate is determined solely by how fast the two reactants encounter each other, which, in turn, is determined by their diffusion. Factors that affect diffusion (e.g. viscosity, convection, etc.) will therefore influence the rate of reaction, and these factors in vivo are certainly distributed heterogeneously (e.g. variations in cytosolic and tissue viscosity). Thus, the rate of peroxynitrite formation will be spatially heterogeneous and vary from location to location. This, in turn, could result in apparent localized protein and lipid modification mediated by peroxynitrite even though the reaction with NO and O 2 . is rapid.
How Is NO Made in Biological Systems?
NO is synthesized intracellularly through the action of a family of NOS enzymes (25) . NOS enzymes catalyze the NADPHand O 2 -dependent oxidation of L-arginine to L-citrulline and NO. The structures of these proteins and their mechanisms of action have been well defined, and a wide range of pharmacological probes of NOS function have been synthesized (25) . Enzymatic synthesis of NO is complex and depends on the availability of prosthetic groups and cofactors such as FAD, FMN, tetrahydrobiopterin, and heme (26) . Three distinct isoforms have been identified, all of which have different characteristics and generate NO at different rates (27) . eNOS (NOS3) generates the lowest levels of NO and was originally discovered in the vascular endothelium but is also found in neurons, epithelial cells, and cardiac myocytes (28) . Its location in the cell and activity are controlled by Ca 2ϩ and calmodulin, as well as post-translational modifications such as phosphorylation and myristoylation (29, 30) . Regulation of eNOS is also intimately related to the physical forces important in vascular function such as shear stress induced by blood flow (27, 31) . Neuronal NOS (NOS1) is constitutively present in neurons, skeletal muscle, and epithelial cells. It is also a Ca 2ϩ / calmodulin-dependent isoform that, in the brain, is activated physiologically by agonists of the N-methyl-D-aspartate receptor (27) . The last major NOS isoform is inducible NOS (NOS2), which has the highest capacity to generate NO. This isoform is expressed in multiple cell types in response to inflammatory stimuli such as that induced by endotoxin and cytokines, e.g. interleukin-1 and -2, tumor necrosis factor-␣, and interferon-␥ (27, 32) . It has also been shown to be constitutively present in some tissues such as lung epithelium. The NOS enzymes are regulated by post-translational modifications, controlled localization within the cell, substrate and cofactor availability, and other proteins with which they form stable complexes (27) . The extent to which these regulatory features modify the biochemical actions of NO is an active area of research. For example, several studies have suggested that mitochondrially localized or associated forms of NOS may play a specific role in the regulation of mitochondrial function (33, 34) . Recently, it has been suggested that a major metabolite of NO, nitrite (NO 2 Ϫ ), can be reduced back to NO by heme proteins such as hemoglobin (35) . Some investigators have considered this an enzymatic activity, i.e. a nitrite reductase (36, 37) . The regeneration of NO from one of its metabolites would seem at first glance to be a futile exercise; however, this reaction both changes the location of NO formation and decreases the dependence on oxygen (35, 38) . This contrasts with the generation of NO from the NOS enzymes, which require oxygen. For this reason, this mechanism, although presently speculative in details, suggests that NO 2
Ϫ may play an important role in generating NO under hypoxic conditions (35, 38, 39) . Whether or not this role for NO 2 Ϫ is a physiological process remains to be seen, but its pharmacological potential is now well recognized and supported by a number of studies (40) . One important area, which is an active topic for debate, is the source of NO 2 Ϫ in mammalian systems and its distribution in biological tissues (35, 38) . As we have speculated previously (41) , reaction with O 2 in the biological milieu is almost certainly not important as a source of nitrite formation compared with other much more rapid mechanisms (although it could conceivably be a localized source for reactive oxidative/nitrosative species, especially in hydrophobic environments). Thus, the mechanism(s) of nitrite formation in vivo remains elusive, although there is evidence that it may occur mainly from NO formation from eNOS compared with other sources (35, 38) . Interestingly, it has been shown that the copper protein ceruloplasmin can catalyze the conversion of NO to NO 2 Ϫ (38). Recent interest in nitrite's therapeutic potential has focused on its dietary or pharmacological applications (35, 38) . This is supported by several studies describing improvements in ischemia/reperfusion injury following acute myocardial infarction, pulmonary hypertension, and organ transplantation following dietary supplementation with nitrite (35) .
How Does the Biochemistry of NO Change with Concentration?
As mentioned above, the different NOS isoforms generate NO at different rates. An interesting aspect of the biochemistry of NO is that both concentration and location are key determinants of its ability to activate different cell signaling pathways. Perhaps surprisingly, controversy remains regarding the levels of NO that can be achieved biologically (42) . With the widespread availability of NO donors, most biochemical experiments are essentially unconstrained in terms of the amounts of NO that can be added to a cell culture or in vitro system. Therefore, it is possible that NO will not achieve the concentrations necessary in vivo to exhibit all of its biochemical properties defined in vitro.
To illustrate this important aspect of NO biology, we have exploited the concept of the "bullseye" with reference to increasing concentrations of NO ( Fig. 1) . At the center of the bullseye is sGC, which is the most sensitive "receptor" or target for NO (Fig. 1A) . In the next ring is the mitochondrial enzyme CcOx (43) . As the concentration of NO increases, modification of NHI occurs, which can also regulate cell signaling (44) . The concentration at which the endogenous NO-dependent formation of S-nitrosothiols occurs is not clear and is likely to be both protein-and cellular compartment-specific (45) . It is important to note that this model does not fully account for the effects of NO generation at different sites in the cell. In addition, augmenting the rate of formation of NO increases the distance over which NO diffuses, which also increases the target (bullseye) size.
An interesting effect occurs if we now include ROS such as O 2 . in the same compartment where NO is generated (Fig. 1B) .
In this case, oxidative modification of proteins, lipids, and DNA occurs, the target composition changes, and (Fig. 1B) . For sGC to be activated under this condition, the levels of NO must exceed those of superoxide. This is clearly a simplified model, but it begins to illustrate the biological necessity to have NOS isoforms that are capable of generating NO at such different levels and sites within the cell. For example, the control of vascular tone by eNOS requires a localized transient effect, whereas the modulation of synaptic transmission by neuronal NOS requires a more persistent and long-range effect. At the extreme of this spectrum, it is known that for inducible NOS to kill microbes, parasites, or cancer cells, high levels of NO are needed to destroy FeS centers and respiratory proteins in the target organism (28, 31, 32, 46) .
What Is the Fate of NO, and How Does That Change Its Biochemistry?
Once generated, NO has a number of potential biological fates. The intra-and extravascular half-lives of NO, which have been measured to be in the range of 2 ms to Ͼ2 s, appear to be dependent on the availability of intracellular reactants of NO (47) . The most specific and highest affinity interactions of NO with biological targets are those with metalloproteins such as sGC, CcOx, and hemoglobin. It is the individual interactions of NO with each of these metalloproteins that lead to some of the best understood biological effects of NO.
NO reacts rapidly with other free radicals such as O 2 . or lipid peroxyl radicals (5, 48) . The best studied of these reactions is the very rapid reaction of NO with superoxide to form peroxynitrite (2, 21, 22, 24) . For example, peroxynitrite (or reactive species derived from it such as nitrogen dioxide and carbonate anion radical) can mediate the oxidation and nitration of proteins, lipids, or DNA, whereas NO cannot directly mediate any of these effects. Since the realization that peroxynitrite is produced in biological systems, it has been proposed to be a major mediator of the pathological effects associated with NO, particularly inflammation (22) . Interestingly, the nitroproteome appears to be quite specific, and pathological responses may be due to modification of particularly sensitive proteins, including those that regulate signaling and cell metabolism (49 -52) . Peroxynitrite reacts directly with sulfur-containing amino acids (cysteine and methionine), as well as those with aromatic structure (e.g. tryptophan and tyrosine). Furthermore, secondary products of peroxynitrite oxidation can also modify proteins. Although the rate constant for reaction of peroxynitrite with free cysteine is 5.9 ϫ 10 3 M Ϫ1 s Ϫ1 , reaction with protein thiols is much slower. This may then contribute to the selectivity in protein targets. Additionally, because NO is freely diffusible and O 2 . is not, one factor controlling peroxynitrite reactivity may be the location of O 2 . production. It is important to also realize that protein nitration can occur through other mechanisms not directly involving the reaction of NO and O 2 . such as that of nitrite with the enzyme myeloperoxidase (53) . In addition, nitration could be mediated by nitrogen dioxide (NO 2 ⅐ ), which is an important environmental toxin and a byproduct of the reaction of NO with O 2 . If solely dependent on NO 2 ⅐ , this mechanism would require two molecules of the oxidant and is therefore less likely to occur biologically. However, there are many ROS that can generate a phenoxyl radical on a tyrosine residue, which could then react with NO 2 ⅐ , resulting in nitration. A major challenge in understanding the biochemistry of NO has been to determine why the NO-dependent proteomes such as the S-nitrosoproteome and nitroproteome involve limited subsets of proteins within the cell.
How Does NO Act as a Signaling Molecule?
There are essentially two major biochemical mechanisms under current investigation through which NO can mediate signal transduction, which we will discuss in turn.
Binding to Ferrous Heme-The reaction of NO with metalloproteins involves nitrosylation of ferrous iron (Fe 2ϩ ). However, ligand discrimination between metalloproteins differs widely because of the effects of the protein structure. For instance, sGC does not bind O 2 but does form 5-coordinate Fe 2ϩ ⅐NO complexes, which subsequently activate the enzyme and are responsible for the cGMP-dependent effects of NO. In contrast, hemoglobin and CcOx have different affinities for NO but also bind O 2 (15) . Of these three interactions of NO with ferrous heme proteins, it is widely accepted that binding sGC satisfies all of the requirements for cell signaling, including regulation and amplification of the signaling pathway (14, 15) .
Notably, CcOx is considerably less sensitive to NO-mediated inhibition than sGC is to NO-dependent activation (14, 43) . However, unlike sGC, the interaction of NO with CcOx is competitive with O 2 (13, 54) . In addition, modulation of mitochondrial respiration by CcOx is dependent on the state of oxidative phosphorylation (55) . NO is a better inhibitor of respiration in mitochondria that are actively respiring and at low oxygen tensions (13, 54) . The conjunction of these properties has led to the idea that NO may control oxygen gradients in organs such as the heart and liver (54, 56) .
Heme-containing O 2 transport proteins are found in both intracellular and extracellular compartments and are exposed to varying levels of both NO and O 2 . Unlike CcOx, interaction of NO with hemoglobin or myoglobin typically results in its consumption. The extremely rapid reaction with HbO 2 results in conversion of the NO to nitrate, and NO binds very rapidly to the deoxyheme to form a stable complex (35, 36) . These reactions should effectively prevent NO from activating sGC. This results in a true conundrum: how could nanomolar levels of NO generated by the endothelium be capable of relaxing vascular smooth muscle cells in the presence of millimolar HbO 2 ? Thus, a great deal of effort has been expended by researchers to define the interactions of NO with hemoglobin and its biological significance. Although this remains a contentious and controversial area, some key insights are slowly emerging on three fronts. (a) There are significant diffusional barriers between the endothelium and the red blood cell that decrease the inactivation of NO by HbO 2 . These include the static fluid layer generated by blood flow and a diffusional barrier at the red blood cell membrane (47) . (b) NO may be generated within the red blood cell by metabolism of nitrite or, intriguingly, through the presence of an erythrocytic NOS (57) . (c) Another possibility is that although the vast majority of NO that enters the red blood cell is rapidly inactivated, a small proportion may be converted to metabolites such as nitrite, which, through as yet unidentified mechanisms, restores NO-dependent activation of sGC. Recent studies also suggest a role for S-nitrosothiol formation, although the mechanism whereby this occurs is unclear. These reactions may be particularly important under conditions of hypoxia in restoring NO-dependent vascular function (35, 58, 59) . There is, however, no general consensus on these possibilities. We await further developments in this area for the insights they may offer into NO-dependent regulation of vascular function and the basic biochemistry of NO reactions with heme proteins.
NO-dependent Protein Modifications-The reaction of NO with O 2 is also an area of research critical to our understanding of how NO can lead to nitrosation, nitration, or oxidation of protein side chains. Cysteinyl thiols are targets of NO, and NO from exogenous and endogenous sources has been shown to increase intracellular low molecular weight S-nitrosothiols (e.g. S-nitrosoglutathione), promote protein glutathiolation (protein S-glutathione), and increase thiol oxidation (protein oxysulfur acids, PSO x H) (60) . However, the different modifications induced by NO appear to be dependent on the RNS, the protein itself, and the subcellular localization of the protein.
Recently, RSNOs have attracted interest because of their potential roles as intermediates in the transport, storage, and delivery of NO; as post-translational protein modifications in cell signaling and inflammation; and as molecular markers of RNS. Well over 100 proteins have been shown to be S-nitrosated, and as the list of S-nitrosated proteins grows, the potential relevance of this modification and other NO-induced pro-tein modifications in redox biology and signaling is of increasing interest (61, 62) .
NO can promote S-nitrosation by four basic mechanisms (45) . 1) In radical-radical reactions, thiyl radicals on glutathione and proteins can react with NO to form S-nitrosoglutathione and S-nitrosated proteins. 2) In transnitrosation, once formed, the nitroso group can be transferred among thiols on proteins and low molecular weight peptides such as glutathione. 3) Proteins may also be S-nitrosated by N 2 O 3 , which is formed from the reaction of NO with O 2 . Hence, the steady-state concentrations of O 2 , thiyl radicals, and antioxidants can interact to modulate the formation of RSNOs. 4) The fourth mechanism of RSNO formation is transfer of the nitroso group from metal nitrosyls in a reaction that may not involve O 2 . The relative contributions of these mechanisms to biological nitrosation are not clear; however, recent evidence seems to implicate cellular non-heme metal nitrosyls as important contributors to nitrosation reactions (63) . One of the controversial aspects of the S-nitrosothiol field involves the accurate measurement of NOinduced protein modifications. Initially, the application of nonspecific techniques resulted in estimates of S-nitrosothiols several orders of magnitude higher than the nanomolar amounts now thought to be present in most biological samples. The S-nitrosoproteome would now appear to be much more exclusive than previously thought.
It is important to recognize that S-nitrosation is likely networked with other thiol modifications, including S-glutathiolation and S-oxidation. Several proteins have cysteines that react with RNS and are nitrosated, glutathiolated, and/or oxidized. This ability to incur multiple types of NO-induced modifications underscores a novel yet fundamental facet of redox biology, i.e. the redox switch (64) .
NO-induced thiol modifications of proteins can lead to transient changes in enzyme activity, and such modifications could be regulated by enzymes such as glutathione S-transferase Pi and glutaredoxin, which can catalyze the binding of glutathione to oxidized protein thiols or restore thiols to their reduced state (65) . Hence, redox switches may represent pathways in which thiol proteomes could be modulated in a well regulated manner.
Despite major advances in this field, it remains extremely challenging to determine whether an NO-dependent posttranslational protein modification is a bystander effect or an obligatory step in a cell signaling pathway. The solution to this question will likely lie in the ability to selectively introduce into cellular proteins a defined modification such as protein nitration and observe the effects (66) . Quantitative mass spectrometry techniques capable of determining the extent of protein modification are now also being developed and will aid in this quest (67) .
How Do We Translate Our Understanding of the Biochemistry of NO to Understanding Its Physiology?
As mentioned above, the biochemistry of NO is governed by 1) its interaction with metalloproteins, oxygen, and ROS and 2) its concentration. In a biological setting, location of both the source of NO production and the targets provides an additional layer of complexity. We will now discuss how the integration of the key biochemical properties of NO outlined above can interact in physiological and pathological processes. To illustrate this, we will use emerging concepts from both the hepatology and cardiovascular fields.
Importantly, mitochondrial dysfunction and altered NO bioavailability, down-regulation of the sGC pathway, and increased protein modifications play a key role in the pathogenesis of liver disease. As discussed above, NO regulates mitochondrial function through reversible binding at the heme site in CcOx, which inhibits O 2 consumption and can influence cross-talk mechanisms between the mitochondrion and sGC. Recently, we have shown that both alcoholic steatohepatitis and nonalcoholic steatohepatitis are associated with increased sensitivity of the respiratory chain to inhibition by NO, increased hypoxia, and protein nitration (54, 68, 69) . It is proposed that these NO-dependent changes result in excessive inhibition or altered regulation of the respiratory chain. This leads to bioenergetic dysfunction, reductive stress, and ROS production, all of which are key features of mitochondrial dysfunction in diabetes/obesity and alcohol-mediated liver disease.
One key function of NO-mediated inhibition of respiration is to modulate O 2 gradients and hypoxia-responsive targets in cells via inhibiting O 2 consumption in respiring mitochondria (47) . A consequence of this inhibition would be to extend the O 2 gradient within tissues and prevent hypoxia. Indeed, a cardioprotective mitochondrially targeted S-nitrosothiol was shown recently to enhance oxygen levels under hypoxic conditions and to promote S-nitrosation of mitochondrial protein thiols (63) . These findings suggest that, like its deleterious actions, the protective effects of NO also involve its binding to ferrous iron and its regulation of protein thiol modifications.
Summary
In this minireview, we hope to have demonstrated how the understanding of the biochemistry of NO, gained over the last 30 years, can be used to illuminate its biological properties. It is now becoming clear that these biochemical mechanisms can operate simultaneously within the context of any specific organ or cell. Thus far, the study of these specific properties of NO, i.e. its binding to metalloproteins, reaction with free radicals, and protein modifications, has proceeded in parallel. The challenge in future research will be to integrate these characteristics into a more comprehensive model of NO biology.
